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a b s t r a c t
Odocoileus virginianus (white-tailed deer) grazing can impact rare plant species dramat-
ically given their risk for local extirpation and extinction. To determine if O. virginianus
management could aid conservation of federally threatened Scutellaria montana (large-
flowered skullcap), we conducted an exclosure experiment across a large occurrence of this
rare species in Catoosa County, Georgia, USA.We aimed to: (1) quantify the effects ofO. vir-
ginianus grazing on S.montana individuals, and (2) evaluate the potential ofO. virginianus to
influence S. montana populations. A lesser percentage of S. montana individuals protected
from O. virginianus were grazed than plants accessible to grazers and additional protec-
tion from smaller grazers did not reduce grazing, suggesting that O. virginianus primarily
do graze S. montana. But grazing did not significantly influence S. montana individuals as
evidenced by changes in stemheight or the number of leaves per plant assessed during two
single growing seasons or across those growing seasons. At the population-level, grazing
impactswere buffered by a lack of grazer preferences for specific plant life stages. Although
mostly not significant, our findings are biologically interesting given the numerous ecolog-
ical concerns associated with O. virginianus abundance, including their demonstrated and
proposed impact on rare plants.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction
White-tailed deer (Odocoileus virginianus Zimmermann) are one of the most widely distributed large mammals in the
Western Hemisphere, occurring from southern Canada to northern Colombia and Venezuela (Demarais et al., 2000; Smith,
1991). In North America in particular, both the distribution and density of O. virginianus have increased markedly since
the time of European settlement (Rooney, 2001). A combination of historical, anthropological, and archeological data
(seeMcCabe andMcCabe, 1997), aswell as ecologicalmodeling (see Alverson et al., 1988), has been used to estimate the pre-
settlement density of O. virginianus in North America as approximately 2–4 individuals km2. In contrast, O. virginianus pop-
ulation densities currently are approximately three times greater in many parts of the eastern United States (McCabe and
McCabe, 1997; Russell et al., 2001). Various factors have been cited as directly or indirectly influential to the relatively re-
cent increase in O. virginianus in eastern North America, including a decrease in the severity of winters (McCaffery, 1976;
Solberg et al., 1999), the local extirpation of many large predators (Brown et al., 1999; McCullough, 1997; Rooney, 2001), a
transition from old-growth to young forest stands (McCaffery, 1976; Fuller and Gill, 2001; Rooney, 2001), and a decrease in
hunting pressure, which culled the O. virginianus population to near-extinction by the late 1800s (Brown et al., 1999).
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The increased presence of O. virginianus has been associated with numerous ecological and land management concerns,
including the impact that their grazing may have on forest ecosystems and the plant species that they contain (McShea
et al., 1997). In particular, grazing by O. virginianus has been associated with declines in tree species recruitment and
losses of understory shrubs and herbaceous species (Alverson et al., 1988; Rooney, 2001; Rooney andWaller, 2003; Rooney
and Dress, 1997; Rooney et al., 2000). Relative to all other activities, O. virginianus allot more time to feeding (Smith,
1991). Food selection varies from season to season depending on the availability (Crawford, 1982; Smith, 1991). During
the winter, woody plants dominate the diet, but once herbaceous vegetation emerge in the spring and summer months, O.
virginianuswill feed preferentially on these plants (Balgooyen andWaller, 1995; Crawford, 1982). It has been estimated that
forbs, in particular, comprise nearly 75% of the O. virginianus diet in late spring (Crawford, 1982). Foraging by O. virginianus
has been described as selective for preferred species (Crawford, 1982) and plant parts that are relatively high in caloric
value (Short, 1975) and easily digestible (Demarais et al., 2000; Short, 1975).
Early focus of research on the impacts of O. virginianus herbivory to woody vegetation (see Côté et al., 2004) has given
way to a more recent focus of research on the impacts to herbaceous vegetation (see Knight, 2007). Such research has ev-
idenced mainly that O. virginianus negatively impact herbs at the levels of plant individuals, populations, and communities
(Anderson, 1994; Augustine and Frelich, 1998; Balgooyen and Waller, 1995; Fletcher et al., 2001a; Frankland and Nelson,
2003; Garcia and Ehrlén, 2002; Knight, 2007; Rooney and Waller, 2003; Ruhren and Handel, 2000). At the individual-level,
these impacts include partial to complete removal of leaf and stem tissues and reproductive structures, as well as decreased
overall plant height due to tissue removal (Anderson, 1994; Augustine and Frelich, 1998; Balgooyen andWaller, 1995; Fran-
kland and Nelson, 2003; Garcia and Ehrlén, 2002). At the population-level, preferences of O. virginianus for tall flowering
individuals (Anderson, 1994; Frankland and Nelson, 2003) could have negative implications for future growth (Garcia and
Ehrlén, 2002). At the community-level, the decline or extirpation of plant populations that are preferentially grazed byO. vir-
ginianus could reduce overall plant species diversity (Balgooyen andWaller, 1995; Fletcher et al., 2001a; Rooney andWaller,
2003), which could have cascading impacts on the populations of pollinators and other herbivores (Anderson, 1994). Waller
and Alverson (1997) proposed that the direct and indirect effects of O. virginianus herbivory on co-existing species and com-
munity structure and the cascading impacts of such effects onmultiple trophic levels warrant its classification as a keystone
species in eastern North American forests.
BecauseO. virginianus grazing has the potential to greatly impact andpossibly extirpate commonplant species (Anderson,
1994; Augustine and Frelich, 1998; Balgooyen and Waller, 1995; Frankland and Nelson, 2003; Knight et al., 2009), it is
intuitive that there are even greater implications for impacts on rare plant species. Preferential feeding by O. virginianus has
been shown to negatively impact plant species that are already rare (Fletcher et al., 2001b; Kettering et al., 2009; Vitt et al.,
2009; Webster et al., 2005). Additionally, O. virginianus grazing has been implicated in causing common species to become
rare in specific locations (Augustine and Frelich, 1998; Webster et al., 2005). For example, in the Cades Cove area of Great
Smoky Mountains National Park, Tennessee, USA, long-term exposure to O. virginianus caused Trillium spp. to become rare
while remaining common at a reference site that had comparatively lowerO. virginianus densities (Webster et al., 2005). This
localized rarity was likely influenced by persistent grazing that reduced mean plant height and reproduction since Trillium
spp. reproduction is dependent on the plant height (Webster et al., 2005). Similarly, a study of the common understory
species Trillium grandiflorum (white trillium) determined that levels ofO. virginianus herbivory common to forest understory
perennials were sufficient to cause its loss (Knight et al., 2009).
Scutellaria montana Chapm. (large-flowered skullcap) is an endemic perennial forb of the mint (Lamiaceae) family (Beck
and Van Horn, 2007; Cruzan, 2001) found only in the Cumberland Plateau and Ridge and Valley physiographic provinces of
the southeastern United States (Bridges as cited in USFWS, 1996; Patrick et al., 1995). Specifically, known populations occur
in four counties (Bledsoe, Hamilton, Marion, and Sequatchie) in southeastern Tennessee, USA, and nine counties (Bartow,
Catoosa, Chattooga, Dade, Floyd, Gordon, Murray, Walker, and Whitfield) in northwestern Georgia, USA (USFWS, 2012).
Additionally, although S. montana has not been officially recorded from Alabama, USA, it has been reported anecdotally that
populations also may occur there (Bridges as cited in USFWS, 1996; Patrick et al., 1995).
In 1986, the United States Fish andWildlife Service (USFWS, 1986) listed S. montana as federally endangered due to habi-
tat loss/alteration, possible exploitation for commercial use, inadequate regulatory protection, and the potential of popula-
tion elimination due to natural fluctuations in numbers or human-induced habitat modifications. At that time, there were
less than 7000 known S. montana individuals occurring within ten populations. Following its federal listing, a recovery plan
was implemented for this species. The overall goal of the plan was to recover and/or protect S. montana; specific actions
toward meeting this goal included habitat studies, additional population searches, land management, and translocations
to be performed or funded by various government entities (USFWS, 2000). One of the main objectives outlined in the re-
covery plan was to downlist and then eventually delist S. montana based on evidencing a number of adequately protected
and self-sustaining populations. In 2000, it was proposed that S. montana be downlisted from endangered to threatened
because 32 distinct and 11 protected, self-sustaining populations had been determined to exist (USFWS, 2000). The official
downlisting of S. montana to its current threatened status occurred two years later (USFWS, 2002). Recovery and protection
actions continue for this species with the ultimate goal of delisting it.
Threats posed to the continued persistence of S. montana include inherently low reproductive rates (USFWS, 2002); habi-
tat destruction due to development, logging, wildfire, and grazing (USFWS, 1996, 2002); competition from invasive plant
species (GADNR, 2008), and a lack of management information (USFWS, 1996). Although the USFWS (2002) report on the
reclassification of S. montana from endangered to threatened did not list O. virginianus as a specific threat to this species,
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O. virginianus herbivory has been listed as a possible threat in other documents (e.g. GADNR, 2008; USFWS, 1996) and ob-
served at sites where this species occurs (Boyd et al., 2010; Snyder and Lecher, 2010). Given the implications for O. virgini-
anus to negatively impact rare plant species, in particular, understanding how grazing by O. virginianus and other grazing
herbivores could impact S. montana at individual and population levels could have importantmanagement and conservation
implications for this currently threatened species.
To investigate the impact of O. virginianus grazing on individuals and populations of rare S. montana, we conducted
an exclosure experiment across one of the largest known federally protected occurrences of this species. Our research
was designed to determine if controlling O. virginianus would provide increased protection for S. montana. To address
our goals, we aimed to: (1) quantify the effects of O. virginianus grazing on intact S. montana individuals, and (2) evaluate
the potential of O. virginianus to influence S. montana population dynamics through preferred grazing of plants of various
life stages. We hypothesized that O. virginianus are impacting S. montana individuals negatively through the removal of
biomass and potential associated growth reductions of various aboveground plant structures (i.e., stems, leaves). We also
hypothesized that O. virginianus could impact S. montana at the population-level via preferential grazing of flowering plants
as demonstrated for other plant species (see Anderson, 1994; Frankland and Nelson, 2003) and because O. virginianus are
most sensitive to shorter wavelengths of the visible spectrum (Jacobs et al., 1994), which includes the blue/purple color of
S. montana flowers.
2. Methods
2.1. Rare species description
Technical descriptions of S. montana differ slightly among authors, but generally this species is presently described as
having solitary, erect, square, hairy stems that are 30–60 cm tall (GADNR, 2008; Kral, 1983; Patrick et al., 1995; USFWS,
2002). Plants have opposite phyllotaxis, and leaves are ovate- to elliptic-shaped with crenate to serrate margins; leaf blades
are 2–10 cm long with glandular and eglandular hairs on both surfaces (Kral, 1983; Patrick et al., 1995; USFWS, 2002). Leaf
pubescence, in particular, is an important identifying feature for this species because there are congeners, such as Scutellaria
pseudoserrata, Shorea ovata and Shorea elliptica, with overlapping ranges (USFWS, 1996). Specifically, S. montana has very
soft pubescence of glandular and non-glandular hairs on both surfaces of the leaf (Kral, 1983; USFWS, 1996). The flowers
are also important to the identification of S. montana because their corollas are among the largest of the genus (Patrick
et al., 1995) at 2.6–3.5 cm in length (GADNR, 2008; USFWS, 2002). In addition, the corolla has an erect white tube (GADNR,
2008), a pale blue hood-like upper lip, and a pale blue spreading lower lip that has two longitudinal white lines with dark
blue borders (GADNR, 2008; Kral, 1983; Patrick et al., 1995). The inflorescence is a terminal leafy-bract raceme (Kral, 1983;
USFWS, 2002).
2.2. Study location
The Tennessee Army National Guard (TNARNG) Volunteer Training Site (VTS) located in Catoosa County, Georgia, USA,
houses one of the largest known populations of federally protected S. montana within its 1628 acres (Snyder and Lecher,
2010). In 2002, at the suggestion of the USFWS, the VTS was surveyed to determine the number of individuals of S.
montana on site. In total, 1600 individuals were counted (SAIC, 2006). To allow for continued monitoring of this species
at the VTS, 46 permanent monitoring plots were established across the site (SAIC, 2006). In 2004, as required by law and
Army regulations for the sites containing federally listed species (SAIC, 2006), VTS staff implemented an annual S. montana
monitoring program, which University of Tennessee at Chattanooga (UTC) faculty and students performed in 2009 (Shaw
et al., 2010) and 2010 (Boyd et al., 2010). During these monitoring efforts, evidence of grazing by herbivores, including
the removal of floral structures, has been observed and noted although not consistently quantified. Although neither the O.
virginianus population size nor carrying capacity of the VTS for this species is known (Snyder and Lecher, 2010), the presence
ofO. virginianus is evidenced by frequent sightings and a vast network of established deer trails throughout the site (personal
observation). Although O. virginianus were at one time nearly eliminated from Georgia, wildlife management efforts have
restored this species to currently more than 1.2 million individuals in the state (GADNR, 2004). If uniformly distributed
across the state, this total population would amount to approximately 8 individuals km−2; however, it is likely that the VTS
property would provide optimal O. virginianus habitat and thus contain an even greater deer density.
2.3. Experimental design
We selected eight of the 46 permanent S. montana monitoring plots located within the VTS that had a documented
presence of O. virginianus visitation (as reported in Boyd et al., 2010) as the sites for the establishment of grazing study
areas during late spring 2011. Study areas were established at least 10 m away from each of the selected permanent
monitoring plots to ensure that annually monitored S. montana individuals were not disturbed by our research and
distributed throughout the VTS property (Fig. 1).
In mid-May 2011, at least 32 S. montana individuals located in each of the eight herbivory study areas were selected for
inclusion in our study. Due to the rarity and clumped distribution of S. montana, it was not possible to exclude individuals
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Fig. 1. Location of the eight S. montana herbivory study areas (triangles). Plots were located among 45 existing permanentmonitoring plots for this species
(circles) within the Tennessee Army National Guard Volunteer Training Site, Catoosa County, Georgia, USA.
Table 1
Total number of adult and juvenile S. montana individuals initially included
in each grazing treatment level.
Herbivory treatment Adults Juveniles
No grazers 49 19
No deer 54 11
All grazers 52 11
Control 54 10
evidencing previous grazing from our experiment; however, care was taken to minimize the inclusion of heavily damaged
plants in our study. It also was not possible to select plants for inclusion in our study prior to the beginning of the dormant
period near the end of the 2010 growing season because we have observed often during annual monitoring efforts for S.
montana in the VTS thatmarking the specific locations of individual plants is not a reliable way of locating them in the future
(i.e., plants do not always emerge in the exact location of previous plants). Individuals growingwithin 1mof each otherwere
grouped, and groups were randomly assigned among four levels of grazing treatment: (1) exclosures to protect plants from
O. virginianus only, (2) exclosures to protect plants from O. virginianus and other possible smaller grazers commonly seen at
the VTS such as rabbits and turtles, (3) exclosure structures allowing all grazers to access plants but account for exclosure
presence, and (4) non-exclosed control. We aimed to include comparable numbers of individuals of various life stages
(i.e., juvenile or adult) in each grazing treatment level (Table 1). Our grouped design simplified the logistics of transporting
and installing exclosures given the distance of plants from roads and established trails and the hilly terrain of the VTS.
Exclosure structures consisted of 1-m3 frames constructed from0.5-in-diameter polyvinyl chloride (PVC) pipe connected
by PVC corner joints. The exclosures designed to protect plants from all grazers consisted of PVC frames wrapped with 1-in-
aperture hexwiremesh (i.e., chickenwire) secured around the frames by cable ties; this designwas adapted from Frankland
and Nelson (2003). The exclosures designed to protect plants from O. virginianus only were similar but with the addition of
two approximately 15-cm-wide square holes cut in two opposing sides of the wire mesh to permit smaller grazers to access
plants (see Fletcher et al., 2001a). Other exclosures consisted of only the PVC frames without mesh to permit all grazers to
access plants.
Within each of the study areas, the grazing treatment was implemented in late May 2011 by securing exclosure frames
to the ground with 8-in metal stakes and cable ties. In each area, at least eight S. montana individuals were included in
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each level of the treatment. Each plant was individually tagged for tracking through the 2011 and 2012 growing seasons.
Overall, 260 S. montana individuals across the VTS were included in our study at its onset (Table 1). This was accomplished
by the installation of a total of 24 exclosures to protect plants from all grazing herbivores, 27 exclosures to protect plants
from O. virginianus only, and 30 unmeshed exclosure frames. Additional S. montana individuals that grew within any of the
exclosures during the study durationwere subsequently included in our study, for a total of 272 individuals by its conclusion.
2.4. Measured Variables
Beginning in mid-June 2011, we assessed the presence of observable damage by O. virginianus and other grazers on all
studied S. montana individuals as evidenced by severed stems and/or petioles. Concurrently, we classified the life stage of
each S. montana individual as either a juvenile (<10 cm height) or adult (≥10 cm height) based on our prior observations
of associations between height and reproduction in this species. In addition, we measured the stem height and counted the
numbers of leaves of each studied S. montana individual. During our initial measurements, we noted that some plants exhib-
ited branching,which results from the release of apical dominancedue to damage to the apicalmeristem in this species (King,
1992). Beginning in July 2011, we included this variable in our study. All measures and assessments were made monthly
throughout the 2011 growing season through early-mid September, after which many individuals became senescent. Dur-
ing the dormant season, we maintained exclosures as necessary to ensure the integrity of the grazing treatment. Beginning
inMay 2012, all measures and assessmentsmade during the 2011 growing seasonweremade once again on amonthly basis
through early-mid September 2012, after which senescence began. In addition, we took inventory of the number of adult
flowering plants in each treatment in each location during the 2012 growing season.
2.5. Data analyses
As the level of plant individuals, the percent changes in stem height and number of leaves for each studied S. montana in-
dividual during each study seasonwas calculated as the difference between the variable at the end of the season (September)
and the beginning of the season (June in 2011; May in 2012) divided by its initial value and then multiplied by 100. Only
individuals present during both early- and late-season measurements were included in these calculations to isolate the ef-
fects of herbivory treatments on plants frompossible differences in phenology (i.e., the timing of emergence and senescence)
among individuals.We similarly calculated the percent changes in stem height and leaf number for each individual from the
2011 to 2012 growing season as the difference between the variable in the mid-season (i.e., July) in 2012 and 2011 divided
by its 2011 value and then multiplied by 100. We chose to consider mid-season values to minimize the influence of pheno-
logical differences between seasons on this assessment. Values of calculated variables were then averaged across grazing
treatment levels in each study area (n = 8). At the population-level, the percentage of total plant individuals that were
grazed and the percentage of total individuals that exhibited branching during each growing season within each treatment
level in each study area were determined. During the 2012 growing season only, we also calculated the mean percentage of
adult plants that flowered within each treatment level in each study area.
Repeated-measures two-way multivariate analysis of variance (MANOVA) was conducted to evaluate the main effects
and interaction of grazing treatment and year on the percent changes in stem height and number of leaves per plant
as individual-level dependent variables. Also to assess individual-level responses, one-way MANOVA was conducted to
evaluate the influence of grazing treatment on the percent changes in stem height and number of leaves as calculated from
the 2011 to the 2012 growing season. At the population-level, repeated-measures two-way MANOVA was used to assess
the mean effects and interaction of grazing and year on the percentage of total S. montana individuals that were grazed
and that exhibited branching as population-level dependent variables. Correlation between dependent variables included
in MANOVA tests was verified with Pearson correlations. A separate one-way ANOVA was conducted to evaluate the main
effect of grazing treatment on the percentage of total adult S. montana individuals that flowered during the 2012 growing
season. Chi-square goodness-of-of-fit tests were conducted to determine if the distribution of plants of different life stages
among grazed S. montana individuals was equal to the distribution that would be expected if plants of different life stages
were grazed in equal proportion to their distribution within the total studied population. Results of the statistical tests
were considered significant if p ≤ 0.05. A significant MANOVA was followed by analysis of variance (ANOVA) to assess
main effects and interactions of grazing treatment and year on the included individual dependent variables. Following a
significant ANOVA, treatment means were compared to determine if means of dependent variables were significant at the
0.05 probability level with least significant difference (LSD) post-hoc analysis. All statistical analyses were performed using
IBM SPSS Statistics Version 20 software (IBM Corp., Armonk, NY).
3. Results
3.1. Impacts of grazing on plant individuals
Overall, S. montana did not respond significantly to grazing at the level of plant individuals. Mean stem height of the
studied S. montana individuals decreased nominally (0.5% ± 2.3%) from the beginning to end of the 2011 growing season
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Fig. 2. Mean percent change in stem height of S. montana individuals during the 2011 (a) and 2012 (b) growing seasons and mean percent change in
the number of leaves per S. montana individual during the 2011 (c) and 2012 (d) growing seasons in four grazing treatment levels. Protection from all
grazers was accomplished with mesh-covered PVC-framed exclosures, while protection from deer only was accomplished by cutting small holes at the
base of mesh-covered exclosures through which small vertebrate grazers could pass. Individuals accessible to all grazers were enclosed in unmeshed PVC-
frames, while control individuals received no exclosure treatment. Values were calculated for the period from June to September in 2011 and fromMay to
September in 2012. Error bars represent 1 SE of the mean.
and by 5.3% ± 3.3% from the beginning to end of the 2012 season. The mean number of leaves per plant decreased by 35%
± 4% during the 2011 growing season and 36.5%± 5.1% during the 2012 season.
Observable responses in the percent change in stemheight during the 2011 growing season did not seem to be influenced
by grazing in any predictable way (Fig. 2(a)); however, plants accessible to all grazers in the unmeshed frame and control
groups experienced greater observable reduction in stemheight during the 2012 growing season thanplants afforded at least
some grazing protection (Fig. 2(b)). Similarly, the mean percent decrease in the number of leaves per S. montana individual
observably seemed to be greater in plants accessible to all grazers than plants protected from at least some level of grazing
during both the 2011 (Fig. 2(c)) and 2012 (Fig. 2(d)) growing seasons. Despite these observations, however, percent changes
in stemheight and the number of leaves per plantwere not influenced significantly by grazing treatment (F6,52 = 1.791, p =
0.119; Wilk’s Λ = 0.687, parital η2 = 0.171), year of study (F2,26 = 1.314, p = 0.286; Wilk’s Λ = 0.908, parital
η2 = 0.092), or the interaction of these variables (F6,52 = 1.563, p = 0.117; Wilk’s Λ = 0.718, parital η2 = 0.153) when
considered collectively as individual-level responses (Fig. 2).
The mean stem height of S. montana individuals as assessed during the mid-season (i.e., July) increased by 16.5%± 11.6%
from 2011 to 2012, while the mean number of leaves per plant decreased by 9.4% ± 8.4% during the same time interval.
Observably, plants accessible to all grazers in the unmeshed frame and control groups experienced reductions in stem
height while plants afforded at least some grazing protection experienced increased stem height across growing season
(Fig. 3(a)). Similarly, the change in the number of leaves per S. montana individual from 2011 to 2012 seemed to be positively
influenced by protection from grazing (Fig. 3(b)). However, grazing treatment did not significant influence these variables
when considered collectively as individual-level responses (F6,54 = 1.713, df = 6, p = 0.136; Wilk’s Λ = 0.706, parital
η2 = 0.136; Fig. 3).
3.2. Population-level impacts of grazing
In contrast to its lack of individual-level responses, S. montana exhibited limited significant responses to grazing at the
population level. Across grazing treatment levels, 6% ± 3.1% of plants were grazed during the 2011 growing season, while
19%± 4.2% of plants were grazed in 2012. Overall, 23.5%± 3.2% of plants exhibited branching during the 2011 season, while
branching was exhibited by 19.9%± 3.6% of plants in 2012.
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Fig. 3. Mean percent change across growing seasons in stem height (a) and the number of leaves (b) of S. montana individuals in four grazing treatment
levels. Protection from all grazers was accomplished with mesh-covered PVC-framed exclosures, while protection from deer only was accomplished by
cutting small holes at the base of mesh-covered exclosures through which small vertebrate grazers could pass. Individuals accessible to all grazers were
enclosed in unmeshed PVC-frames, while control individuals received no exclosure treatment. Values were calculated from measurements made in July
2011 and July 2012. Error bars represent 1 SE of the mean. Values shown below the same letter are not different at the P ≤ 0.05 level of significance.
a b
c d
Fig. 4. Mean percentage of total S. montana individuals grazed during the 2011 (a) and 2012 (b) growing seasons and mean percentage of total S.
montana individuals that exhibited branching during the 2011 (c) and 2012 (d) growing seasons in four grazing treatment levels. Protection from all
grazers was accomplished with mesh-covered PVC-framed exclosures, while protection from deer only was accomplished by cutting small holes at the
base of mesh-covered exclosures through which small vertebrate grazers could pass. Individuals accessible to all grazers were enclosed in unmeshed PVC-
frames, while control individuals received no exclosure treatment. Error bars represent 1 SE of the mean. Values shown below the same letter in panel
(b) are not different at the P ≤ 0.05 level of significance.
Observably, the percentage of individuals thatwere grazed during the 2011 growing season did not seem to be influenced
by grazing treatment (Fig. 4(a)); however, there was an observable increase in the percentage of individuals that were
grazed among plants accessible to all grazers in the unmeshed frame and control groups than plants afforded at least
some protection from grazing (Fig. 4(b)). Similarly, the percentage of individuals that were branched during the 2011
growing season did not seem to be influenced by grazing treatment (Fig. 4(c)), but there was an observable increase in
this variable for plants accessible to all grazers compared with plants protected by at least some grazers (Fig. 4(d)). When
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Fig. 5. Mean percentage of total S. montana adult individuals that flowered during the 2012 growing season. Protection from all grazers was accomplished
with mesh-covered PVC-framed exclosures, while protection from deer only was accomplished by cutting small holes at the base of mesh-covered
exclosures through which small vertebrate grazers could pass. Individuals accessible to all grazers were enclosed in unmeshed PVC-frames, while control
individuals received no exclosure treatment. Error bars represent 1 SE of the mean.
considered collectively as population-level responses, these variables were influenced significantly by grazing treatment
(F6,54 = 2.425, p = 0.038; Wilk’s Λ = 0.621, parital η2 = 0.212), year of study (F2,27 = 8.341, p = 0.002; Wilk’s
Λ = 0.618, parital η2 = 0.382), and the interaction of these variables (F6,54 = 3.253, p = 0.008; Wilk’sΛ = 0.539, parital
η2 = 0.266).
Follow-up univariate testing revealed that the percentage of individuals that were grazed contributed most significantly
to population-level responses to grazing treatment (F3 = 5.307, p = 0.005), year (F1 = 15.606, p < 0.001), and their
interaction (F3 = 5.813, p = 0.003). Across years, a lesser percentage of plants protected from all herbivores were grazed
than plants accessible to all grazers in the unmeshed frame (p = 0.050) and control (p = 0.001) groups. A lesser percentage
of plants protected from O. virginianus only were grazed that plants accessible to all grazers in the control group (p = 0.011)
but not those in unmeshed frames p = 0.404). The percentage of plants grazed did not differ between plants protected
from all grazers and those protected from O. virginianus only (p = 0.265). Similarly, this variable did not differ significantly
between plants accessible to all grazers in the unmeshed frame and control groups (p = 0.071).Within years, a significantly
greater percentage of plants were grazed during the 2012 growing season than during 2011.
Within the 2011 growing season, grazing treatment did not significantly influence the percentage of S. montana indi-
viduals that were grazed (F3 = 1.847, p = 0.162; Fig. 4(c)). However, grazing treatment did significantly influence the
percentage of plants that were grazed during the 2012 season (F3 = 6.166, p = 0.002). Specifically, a lesser percentage
of plants protected from all grazers were grazed during in 2012 than plants accessible to all grazers in both the unmeshed
frame (p = 0.012) and control groups (p < 0.001; Fig. 4(d)). A lesser percentage of plants protected from O. virginianus only
during 2012 were grazed than plants accessible to all grazers in the control group (p = 0.007) but not those enclosed in un-
meshed frames (p = 0.112). The percentage of plants grazed in 2012 did not differ between plants protected from all grazers
and those protected from O. virginianus only (p = 0.289). Similarly, this variable did not differ significantly between plants
accessible to all grazers in the unmeshed frame and control groups (p = 0.200) during the 2012 growing season (Fig. 4(d)).
In contrast to the percentage of plants grazed, the percentage of individuals that were branched was not influenced by graz-
ing (F3 = 2.057, p = 0.129), year (F1 = 1.040, p = 0.317), or the interaction of these independent variables (F3 = 2.496,
p = 0.080).
Overall, 46.5%± 9.5% of total S. montana adults flowered in 2012. This total included individuals in each of the four levels
of grazing treatment, but flowering was not influenced significantly by grazing (F3 = 1.111, p = 0.361; Fig. 5).
3.3. Plant life stage preferences
During the 2011 growing season, 80.4% of the studied S. montana individuals were adults, while the remaining 19.6%
of the studied plants were juveniles. In total, 80 plants were grazed during the 2011 growing season; 80% of these plants
were adults and 20% were juveniles. An equal distribution of the adult and juvenile life stages occurred within the total
plants studied and within the subgroup of grazed plants (χ2 = 0.008, df = 1, p = 0.928). In 2012, 74.6% of the studied
individuals were adults and the remaining 25.4% of plants were juveniles. Similar to 2011, the distribution of adult and ju-
venile life stages within the total plants studied did not differ significantly from the distribution of these life stages within
the subgroup of grazed plants during the 2012 growing season (χ2 = 3.429, df = 1, p = 0.064). Also in 2012, 65.1% of
the studied S. montana individuals did not flower, while the remaining 34.9% of plants flowered. In contrast to the results
comparing adult and juvenile life stages, less flowering and more non-flowering plants were grazed than expected given
their frequency within the total plants studied during the 2012 growing season (χ2 = 6.285, df = 1, p = 0.012).
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4. Discussion
4.1. O. virginianus as grazers of S. montana
Our findings indicate that S. montana individuals accessible to grazers were grazed significantly during the 2012 growing
season, and that O. virginianus are responsible primarily for grazing this species. Most notably, protecting plants from O.
virginianus only led to a significant reduction in grazing relative to plants accessible to all grazers in our control treatment.
Also, the additional protection of plants from smaller grazers had no significant impact on grazing relative to protecting
plants from O. virginianus only (Fig. 4(b)). However, we concede that this lack of significant difference could have resulted if
both meshed exclosure types had a similar effect on the activity of small grazers since small grazers were permitted access
to plants protected from O. virginianus only through two small openings cut into the mesh exclosures, which may have
been difficult to find or a deterrent to even small animals. It is also possible that small grazers did not attempt to graze
S. montana individuals protected only from O. virginianus as a learned behavior because they were unable to access plants
inside the similar meshed exclosures designed to exclude all grazers.
The lack of a significant difference in the percentage of plants grazed when protected from O. virginianus only compared
to plants accessible to all grazers but surrounded by unmeshed PVC frames in 2012 (Fig. 2(b)) suggests that the presence
of PVC frames may have deterred O. virginianus grazing activity to some extent but that PVC presence alone did not afford
plants the same degree of protection as the meshed exclosures. It is possible that O. virginianus were deterred somewhat
from grazing plant individuals surrounded by unmeshed frames because they associated the presence of bright white PVC
frames with plant inaccessibility given themesh covering other PVC frames nearby and/or that they were reluctant to lower
their heads below the tops of the 1-m-tall frames. It has been shown through classical conditioning that O. virginianus can
be trained to respond to a stimulus when there is a food reward (Henke, 1997). In our experiment, O. virginianusmay have
responded to the PVC as a stimulus representing the opposite situation.
In contrast to 2012 results, we found no significant effect of grazing treatment on the percentage of plants grazed during
the 2011 growing season. For some variables, this finding could indicate that the effects of grazing on S. montana individuals
and populations are not immediate, but rather evidenced during the subsequent growing season, and/or that the influence
of grazing on S. montana individuals increases with grazing duration. However, such ‘carry over’ effects would not influence
grazing evidence assessed as severed stems and/or petioles because S. montana senesces completely during the dormant
season. Rather, we suggest that the lack of any significant effect of grazing in 2011 in contrast with 2012 in our study
resulted from the inclusion of previously grazed plants in our exclosures when they were installed in May 2011. While care
was taken to limit the number of heavily damaged plants included in our study whenever possible, the general rarity of
S. montana combined with its clumped distribution necessitated the inclusion of plants grazed very early during the 2011
growing season in our study.
4.2. Effects of O. virginianus on S. montana individuals
The investment of energy by plants in stem height improves light access, providing individuals with a competitive
advantage in light-limited environments (Falster and Westoby, 2003). Thus, a reduction in stem height by grazers like
O. virginianus could negatively impact individual plants in forest understory environments. Although S. montana does not
typically occur in environments with direct sunlight exposure, it has been described as negatively affected by heavy shad-
ing (Johnson, 1991; King, 1992; Nix, 1993; USFWS, 2002), suggesting that light competition may be particularly important
to individual fitness in this species. Similarly, a reduction in leaf biomass by herbivores can be detrimental to plants be-
cause it represents a reduction in photosynthetic capabilities (Anderson, 1994; Fletcher et al., 2001a; Frankland and Nel-
son, 2003). The removal of leaves and stems of perennial forbs by O. virginianus in particular has been found to result in
decreased photosynthetic energy assimilation and associated energy storage in belowground perennating structures
(Anderson, 1994; Fletcher et al., 2001a; Frankland and Nelson, 2003; Ruhren and Handel, 2000). Through time, such photo-
synthetic reduction could negatively affect flowering and associated reproductive activity (Anderson, 1994; Fletcher et al.,
2001a).
While our findings did indicate that losses in both stem height and leaves were common in S. montana throughout in-
dividual growing seasons and across seasons, such losses were not attributable to any significant influence of exposure to
or protection from O. virginianus and/or smaller grazers afforded by our treatment (Figs. 2 and 3). Instead, we suggest that
these losses could reflect a post-reproductive shift from aboveground to belowground biomass allocation typical of S. mon-
tana and/or a similar shift in response to changing environmental conditions throughout the growing season. Such a shift
in allocation has been predicted by the ‘functional equilibrium’ model, which describes, in part, a typical shift in the allo-
cation of plant biomass from aboveground to belowground structures in response to low levels of belowground resources
toward maximizing growth (see Brouwer, 1962). A related meta-analysis suggested that such shifts are particularly sig-
nificant when soil nutrients are limited (Poorter and Nagel, 2000). We suggest that the typical shallow and rocky soils in
which S. montana generally occurs (USFWS, 2002; personal observation) could exacerbate seasonal nutrient depletion and
thus make shifts from aboveground to belowground allocation especially advantageous. Belowground resources could have
been further influenced negatively by atypically dry conditions during the late 2011 growing season in the region of our
study site (see NOAA, 2011).
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We also suggest that the lack of any effect of grazing on the percent change in the number of leaves per S. montana in-
dividual, in particular, may have been influenced by the quick growth of young new leaves near the tips of grazed stems
evidenced by our field observations. This rapid production of new leaves would buffer changes in leaf number per individual
due to grazing that occurred during a growing season. A review of plant growth responses to herbivory summarized that
the removal of vegetative tissues seldom results in proportional reductions in final yield of those tissues following time for
growth, suggesting that such compensatory growth responses are common (McNaughton, 1983).
At some point during each of the two studied seasons, we observed some degree of leaf damage evidenced as tearing
of leaf edges and/or holes in leaves on all studied plant individuals that we attributed to insects. Previous research demon-
strated that the protection of plants from large mammal herbivores was associated with an increased presence of inverte-
brates including insects (see Suominen et al., 1999). Although insect herbivory was not included as a variable in our study,
we did not note any discernible difference in the level of insect herbivory on the leaves of protected versus unprotected S.
montana individuals. Because our herbivory treatment did not significantly affect the percent decrease in leaf number per
individual, we further suggest that if the protection of plants from O. virginianus was associated with any changes in the
insects’ presence, such changes were not influential enough to affect leaf retention.
Although O. virginianus grazing alone did not impact changes in stem height or leaf number of rare S. montana in this
study, the findings of related research suggest that O. virginianus grazing does influence such variables in other rare plant
species. In particular, both Miller et al. (1992) in a literature review and Augustine and Frelich (1998) in a study of old-
growth forests in Minnesota noted that rare monocot species, including those in the Liliacea family, were selectively grazed
by O. virginianus. A study of the effects of wildlife including O. virginianus on rare Lilium superbum L. (Turk’s cap lily) in
northern Virginia found that plants exposed to O. virginianus herbivory experienced overall reduced stem heights when
compared to the protected plants (Fletcher et al., 2001b). Furthermore, as a consequence of the typical consumption of
terminal stems by O. virginianus, plant growth almost always ceased and same-year reproduction was eliminated with just
one grazing occurrence in this species (Fletcher et al., 2001b). While this study included a concurrent quantified assessment
of the impact of rodents on L. superbum, such impacts were the result of uprooting bulbs rather than grazing of aboveground
biomass (Fletcher et al., 2001b). The meshed cage design used to exclude O. virginianus included two small openings to
permit access to the protected plants by small grazers; however, the cages designed to exclude all grazers were not included
in the study (see Fletcher et al., 2001b). This design allowed researchers to determine that some plants protected from O.
virginianus were grazed, but this was attributed to the protrusion of some plants through the mesh protection of the cages
rather than to possible damage by smaller grazers entering the cages.
Rare dicots also have been shown to experience stem height reductions potentially attributable to grazing by O. virgini-
anus (Miller et al., 1992). An investigation of the effects of grazing on federally endangered Liatris ohlingerae (S.F. Blake) B.R.
Robe (scrub blazing star) in a Florida scrub system reported that plants not protected from grazers were shorter than those
exposed to grazers (Kettering et al., 2009). Although it was suggested that O. virginianuswas likely the cause of such grazing
because it was the only large herbivore present in the study system, the exclosure design used in this study also would have
excluded smaller grazers such as rabbits and turtles (see Kettering et al., 2009), rendering it possible that grazers other than
O. virginianuswere responsible for the stem reductions.
4.3. Branching and/or flowering as compensatory responses
Although grazers remove biomass, branching as a consequence of apical damage early in the growing season can result in
more flowers and resultant reproductive success of individual plants (King, 1992). Branching following herbivory damage
has been documented for S. montana (King, 1992), as well as other rare herbs. For example, grazed Liatris ohlingerae in
a Florida scrub system had more stems due to release from apical dominance caused by removal of the apical meristem
(Kettering et al., 2009). Given these previous reports, we expected S. montana plants exposed to grazers to have the greatest
percentage of branched individuals, however, our findings did not support this expectation (Fig. 4(c, d)).
Additionally, we found no significant influence of grazing on flower production per S. montana adult, suggesting that
flower production was not influenced by biomass loss due to grazing (Fig. 5). The influence of compensatory growth re-
sponses to herbivory on reproduction has been evidenced to some extent by related research (see Becklin and Kirkpatrick,
2006; Kettering et al., 2009). Specifically, buffering of fecundity via the production of more flowering stems was found for
rare L. ohlingerae when individuals were topped by grazers, although this response was site-dependent (Kettering et al.,
2009). Similarly, Ipomopsis aggregata (scarlet gilia) individuals grazed by large vertebrates experienced increased flowering
stem production than individuals protected from such grazers (Becklin and Kirkpatrick, 2006). It is possible that S. mon-
tana responds similarly to a release from apical dominance by grazers.
4.4. O. virginianus preferences for S. montana life stages
Previous research has suggested that O. virginianus prefer to feed on taller, flowering individuals relative to shorter,
non-flowering individuals of plant species (Anderson, 1994; Frankland and Nelson, 2003), which has the potential to reduce
population growth or cause declines (Garcia and Ehrlén, 2002). Among rare plant species,O. virginianushave been implicated
in the losses of all flowering stems from the only known population of Plathanthera integrilabia (white fringeless orchid) in
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1989 and from a population of Liparis loeselii (Loesels’ twayblade) in a Kentucky, USA, field site (Miller et al., 1992). Through
time, such changes could cause extirpation of populations, with small populations being especially at risk.
Given these prior results and the sensitivity of O. virginianus to shorter wavelengths of the visible spectrum (Jacobs et al.,
1994), which includes the color of S. montana flowers, we hypothesized that grazing O. virginianus would prefer flowering
individuals. We also hypothesized that grazing would be focused on taller plant individuals (i.e., adults versus juveniles)
given their ease of location and accessibility. However, our results did not support either of these predictions. Instead, adult
and juvenile plantswere grazed in the same relative proportions of their representation of the total S.montana plants studied
during both 2011 and 2012, suggesting that grazers of S. montana are generalists with respect to these life stages.
4.5. Implications for S. montana conservation and management
Preferential feeding by O. virginianus has been shown to negatively impact already rare plant species (Fletcher et al.,
2001b; Kettering et al., 2009; Vitt et al., 2009; Webster et al., 2005) and has been implicated as causing the rarity of other
plant species (Augustine and Frelich, 1998; Webster et al., 2005). Given these previous findings and the estimated high
density ofO. virginianuswithin the small range of S. montana, landmanagers and conservation officials often have implicated
O. virginianus as impactful to the current rarity andprotected status and influential to the future success of S.montanadespite
a lack of directly relevant research. Overall, our findings demonstrate that O. virginianus do graze S. montana to a significant
extent, but this grazing did not significantly influence S. montana at the individual-level. In addition, population-level
impacts of grazingwere buffered by a lack of grazer preferences for specific plant life stages. Althoughmostly not significant,
our findings are biologically interesting given the numerous ecological and land management concerns typically associated
with O. virginianus abundance, including their demonstrated and proposed impact on rare plant species.
Given the lack of effectiveness of our grazing treatment during the first year of this study (2011), we suggest that the
continuation of our exclosure experiment could help to better elucidate the potential impact of O. virginianus on S. montana
at the VTS and elsewhere. Additional further studies could examine the role of grazers in mediating resource competition
between S. montana and co-occurring understory plants. Specifically, the absence of herbivore thinning of competing plants
could impact S. montana negatively by increasing resource competition. While it has been documented that S. montana does
not prefer direct sunlight exposure (Johnson, 1991), it does appear to be negatively affected by heavy shading in particular
(Johnson, 1991; King, 1992; Nix, 1993; USFWS, 2002). A future experiment involving various degrees of artificial thinning
of understory vegetation including S. montana could be conducted to investigate such competitive relationships and the
potential impact of grazers on these interactions.
Although O. virginianus do graze S. montanawithin the VTS property, the continuing concurrence of both estimated high
O. virginianus population density and one of the largest occurrences of S. montana in this protected site suggests that buffer-
ing of individual-level grazing impacts at the population-level are occurring. Furthermore, ten years of monitoring of the
S. montana occurrence at the VTS suggests that the size of this occurrence has fluctuated widely through time (Boyd et al.,
2013) rather than experienced a steady decline as would be expected if O. virginianus were responsible primarily for its
population dynamics given the consistent lack of on-site hunting. As such, we suggest that S. montana habitat protection
and restoration be prioritized over the culling of current O. virginianus populations in areas where both occur. In the VTS
and other S. montana habitat, we also suggest that managers consider estimating and monitoring both S. montana and O.
virginianus population sizes to help determine the potential associations between site-specific densities.
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